The internal post-curing of hydrating white and ordinary Portland cement pastes of high performance concretes prepared with an initial water-to-cement ratio of 0.25 is studied by non-destructive low-field NMR relaxometry. As water source for the internal post-curing, a polyelectrolyte gel is used. By analysing the distribution of the transverse relaxation times of the water obtained from the NMR measurements, the water transition from the gel material added as internal water source into the hydrating cement pastes is observed. The water consumptions of different cement pastes are estimated. Additionally, the hydration progress in the cement paste is qualitatively monitored by studying the dependence of the amount of the physically bound water as function of hydration time. Based on this experimental data, the influence of superplasticizer and microsilica additives on the hydration progress and the water transition by internal post-curing is discussed.
INTRODUCTION
Internal post-curing (IPC) is discussed as an alternative method for curing of concretes of low water-to-cement-(w/c) ratios. Compared to external post-curing in high performance concretes (HPC), it allows a more homogeneous curing, which contributes to prevent selfdesiccation [1] [2] [3] [4] and reduces the sensitivity of forming of microcracks [2, 5, 6] . Additionally, improved mechanical properties, especially a reduced autogenous shrinkage, of hardened concretes were reported [1, 4, 5, 7, 8] . In some cases, positive influences of IPC on compressive strength and durability are discussed [7, 9] .
In order to meet these advantages of the internal post-curing, the quantity of additional water required for the curing process, the optimum distribution of the water source in the cement paste and the water retention potential of the IPC material inside the hydrating cement matrix must be known and experimentally verified, respectively. With regard to the required quantity of the water, only a few models and calculations are described in literature [3, 6, 10] . These calculations vary between 50 and 100 g of water per kilogram of dry cement, which has to be added during IPC. Regarding the time of water transition and consumption, only a small number of references is available [11, 12] .
The presented paper is aimed to address these questions. It is an extension of a previous study on white cement of an initial w/c-ratio of 0.3 [13] , in which we introduced and extensively described our approach to study non-destructively the water balance during IPC. The methodology consists of low-field 1 H NMR measurements of the transverse nuclear relaxation times (T 2 ) of the physically bound water in a hydrating cement paste sample. Since the T 2 relaxation time of this water depends mainly on the pore size, one is able to distinguish between those water fractions, which are physically bound in the cement paste, and those, which are still in the material added for internal post curing. For a convenient data interpretation, the NMR measurement results are inverted by a regularized inverse Laplace transformation yielding the relaxation time distribution p(T 2 ). By observing changes in p(T 2 ) during hydration, the time dependence of the amount of physically bound water in the cement paste region and in the additive for IPC are monitored. Additionally, the corresponding hydration state of the cement paste may be estimated qualitatively, since the mean relaxation time <T2> of water in a pore decreases with decreasing pore size [13] [14] [15] [16] . The latter information is qualitatively equivalent to the destructively operating mercury intrusion porosimetry [16, 17] .
Here we report NMR investigations on cement pastes of an initial w/c-ratio of 0.25. White and ordinary Portland cements were studied without internal curing and with internal curing by adding a water-saturated polyelectrolyte gel [18] . This gel is stable under the chemical conditions in cement pastes and contains initially about 98 weight-% of water [13, 18] . In the studies reported in ref. [13] , it showed an optimal water retention inside hydrating white cements. The influence of the addition of superplasticizer (sp) and microsilica (ms) on the hydration progress of the cement pastes and the water transition due to internal post curing are considered as well.
EXPERIMENTAL STUDIES OF LOW-FIELD NMR RELAXOMETRY
The low-field NMR relaxation studies of water in hardening cement pastes with and without internal curing were performed on samples of white cement (CEM I 42.5 R (0.07 % Fe 2 O 3 )) and of ordinary Portland cement (CEM I 42.5 R (3 % Fe 2 O 3 )) with an initial w/c-ratio of 0.25. For the studies of hydration with internal post-curing, water containing spheres of polyelectrolyte gel (diameter of 2-3 mm, [18] ) were added at the end of mixing of these cement pastes. The contents of the gel were chosen in such a way that the total w/c-ratios of the samples increase from 0.25 to 0.275 (samples Ia, Ia (sp), Ia (ms), Ia (sp, ms), IIa, IIa (sp, ms)) to 0.30 (samples Ib, Ib (sp), Ib (sp, ms)) and to 0.35 (sample Ic), respectively ( Table 1) . The samples were carefully mixed to achieve a homogeneous distribution of the gel spheres. The samples marked with "sp" and "ms" in brackets are those prepared with the addition of superplasticizer and microsilica, respectively. As superplasticizer, a polycarboxylate ether, which is used in practice in many cases was utilised. The compositions of the investigated mixtures and of the reference materials are summarised in Table 1 .
The measurements of low-field NMR relaxometry were performed on cement paste samples introduced in cylindrical glass tubes of an outer diameter of 20 mm. The NMR spectrometer used is a PC controlled MARAN DRX (Resonance Instruments, GB) operating at 9.1 MHz 1 H resonance frequency. The magnet and the rf sensor for these NMR studies were home-built and are described in detail in ref. [13] . Using the CPMG pulse sequence [19, 20] , the transverse magnetization decays of the water in the cement paste samples were monitored during dormant and accelerated periods of hydration. The measurements were performed at 20 °C. The recorded transverse magnetization decays were analysed using a commercial regularized inverse Laplace transformation software (WINDXP, Resonance Instruments, GB) yielding the relaxation time distributions p(T 2 ). From these distributions, the logarithmic mean transverse relaxation times <T 2 > as well as the corresponding amount of physically bound water in the cement paste region (c p,H2O ) and the residual amount of gel water in the polyelectrolyte additive (c gel,H2O ) were calculated. Both water fractions are clearly separated in the relaxation time distributions. They appear at relaxation times between about 1 ≤ T 2 ≤ 15 ms (cement paste) and 50 ms ≤ T 2 ≤ 100 ms (polyelectrolyte gel), respectively [13] . Table 1 : List of samples and w/c-ratios for the investigations of internal curing of hydrating cements by addition of water-saturated polyelectrolyte gel spheres. The compositions of the samples including additions of superplasticizer (sp) and microsilica (ms) are given. Figure 1 shows the transverse relaxation time distributions of samples I, Ia, Ia (sp) and Ia (sp, ms) at different hydration times. E.g. for the samples Ia (sp) and Ia (sp, ms), which were prepared with superplasticizer, the relaxation time distribution measured after 1 h, 15 h and 35 h are given. With the progress of hydration, the characteristic peaks of the physically bound water in the cement pastes are found to shift from T 2 at about 10 ms at the beginning of hydration reaction to smaller relaxation times. Simultaneously, the area under these peaks decreases slightly. The decreasing T 2 of the cement paste water corresponds to a decrease in pore size due to the growth of hydrate crystals. Additionally, since chemically bound water doesn't contribute anymore to the observed NMR signal, the decreasing peak area indicates a decreasing content of physically bound water. Since the measurements were performed in a sealed glass sample, the detected decreasing amount of physically bound water must be interpreted as consumption of water by the hydration reaction. The transition of water from the polyelectrolyte gel into the hydrating cement is detected in these relaxation time distributions by a decreasing area of the small polyelectrolyte gel peaks at 50 ms ≤ T 2 ≤ 100 ms. In samples without superplasticizer, the water transition occurs during the first 12 hrs of hydration. After 14 hrs, no water in the polyelectrolyte gel is detectable any more. Thus, it was consumed by the hydration reaction (compare also fig. 3 ). In samples Ia (sp) and Ia (sp, ms), the characteristic peak of the gel was still detected after 15 hrs of hydration but disappeared after about 35 hrs. Thus, the addition of superplasticizer delays the hydration but does not prevent the transition of water from the polyelectrolyte gel into the cement paste region. Figure 2 summarizes the characteristic changes of the physically bound water in the cement paste (c p,H2O ) as observed by the relaxation time distributions by plotting it as a function of hydration time. Initially, the content of physically bound water remains constant since the chemical reaction does not yet consume water (dormant period of cement hydration). The onset of the accelerated period is observed in Fig. 2 by the decreasing c p,H2O values. The graphs show clearly the delayed start of the accelerated period of the hydration reaction for the samples prepared with superplasticizer. In the samples with superplasticizer and microsilica (sp, ms), the hydration reaction is faster than in the samples with superplasticizer only. The addition of the water-saturated gel for internal post curing does not change significantly these characteristics of the physically bound water during the dormant Figure 3 shows the relative amount of residual water in the gel spheres. The data are obtained from the area under the relaxation time distribution, which is characteristic for the gel peak. It was found that the hydrating cements in the samples without superplasticizer start to take up water from the gel at about 5 hrs after sample preparation. In the case of samples with superplasticizer and microsilica, the water consumption starts at about 18 hrs and in samples with only superplasticizer at about 28 hrs to 32 hrs after sample preparation (Fig. 3) . The comparison of these results with the results of the time-dependence of physically bound water in the hydrating cements (Fig. 2) shows that the water from the gel starts to diffuse into the hydrating cement matrix shortly after or with the onset of the accelerated period.
RESULTS AND DISCUSSION

Hydrating white cement with and without internal curing
In samples, in which 2.5 % (by weight) of water are added by the water-saturated polyelectrolyte gel spheres for IPC (samples Ia, Ia (ms), Ia (sp, ms), Ia (sp)), the additional water is totally consumed by the hydration reaction. In the samples Ib, Ic, Ib (sp), Ib (sp, ms) with 5 % and 10 % (by weight) of water added, respectively, only a part of the water from this additional gel water is consumed by the hydration reaction. Based on our data, we estimated a water requirement of about 35 to 40 g of water per kilogram dry cement for IPC when the initial w/c = 0.25 (equivalent to 3.5 % to 4 % (by weight)). This value corresponds to an increase of the initial w/c-ratio by about 0.035 and 0.04, respectively. If more water is added, it remains in the polyelectrolyte gel. From such experiments, an optimum of supply of additional water for IPC of hydrating white cements can be determined. 
3.2
Hydrating ordinary Portland cement with and without internal curing Ordinary Portland cements, which are used in practice, may contain paramagnetic or even ferromagnetic substances (e.g. up to about 3 % Fe 2 O 3 ), which shift the relaxation times of the water in the cement paste to shorter values. This is demonstrated in Fig. 4 , where the relaxation time distributions for a white and a Portland cement with added water-saturated polyelectrolyte gel spheres are compared at three different times of hydration. Nevertheless, the results of the investigations of the water balance during the dormant and the accelerated periods show a similar tendency as the white cements (compare Fig. 5 ). The shift of the relaxation times observed for the ordinary Portland cement does not result in any problems concerning the interpretation of the NMR measurements, since the water NMR signals from the cement paste and the IPC material provide separate peaks in the relaxation time distributions. In particular, in the case of IPC with the water-saturated polyelectrolyte gel, the relaxation time difference between the two peaks is large enough because the peak from the water-saturated polyelectrolyte gel appears at about 100 ms (Fig. 4) .
As for the white cements, the water transition from the polyelectrolyte gel into the hydrating Portland cement pastes is detected by the decreasing area under the corresponding peaks of the relaxation time distributions. In Fig. 5 , the time-dependence of the content of physically bound water in the cement paste as well as of the residual content of water in the polyelectrolyte gel are shown during the first 50 h of hydration. As observed for white cements with IPC by polyelectrolyte gel, the water in the gel phase is consumed by the hydrating ordinary Portland cement with the onset of the accelerated period. In the case of sample with superplasticizer and microsilica (IIa (sp, ms)), the accelerated period start is delayed because of the retarding influence of the superplasticizer. The hydrating cement takes up the water from the gel exactly during the accelerated period. In the provided examples, all the water added is consumed after about 25 hrs (sample IIa) and 35 hrs (sample IIa (sp, ms)), respectively. Thus, the 25 g of water per kilogram dry cement, supplied by the IPC material, 
CONCLUSION
The water transition from a water-saturated material, which is added to hydrating cements for internal post curing, into the cement matrix, was investigated by low-field NMR relaxometry. This NMR method allows one to distinguish between physically bound water in the cement paste region and the water stored in the IPC material and enables the timedependent, non-destructive quantification of these water fractions during the hydration reaction.
The investigations were performed on hydrating white as well as ordinary Portland cements of initial w/c-ratio of 0.25 with a water-saturated polyelectrolyte gel as IPC material. It could be proved that the hydrating cements consume the additional water during the accelerated period of cement hydration. In case of a delayed hydration process caused by the retarding influence of superplasticizer, the water consumption occurs also during the delayed accelerated period.
The investigated white cements with an initial w/c ratio of 0.25 require up to about 35 to 40 g of water per kilogram dry cement for the internal post-curing. Surplus water remains in the polyelectrolyte gel and is detectable by the NMR method over long periods (up to several weeks, see ref. [13] ).
The introduced low-field NMR relaxometry studies are applicable to other IPC systems and may contribute to further clarification of the mechanisms of internal post-curing. The only pre-conditions are that an 1 H NMR signal of the water inside the IPC material is detectable and that it differs in its transverse relaxation time T 2 from the T 2 of the physically bound water of the cement paste. Further systematic investigations of innovative materials for IPC of ordinary Portland cements and Portland composite cements are in progress.
